We synthesized new carbazole-diimide hole-transporting materials with different dianhydride groups by thermal imidization. The imide moieties were introduced to improve thermal stability of a carbazole hole transport molecule. Result showed that the carbazole-diimdes exhibit good thermal stability with glass transition temperature of 142∼182 C and degradation temperature of ∼450 C as well as good optical transparency in the visible region. The organic light-emitting device (OLED) using alicyclic diimide (CBCZ) shows maximum luminance ∼8,600 cd/m 2 at 12 V and current efficiency of 2.1 cd/A. With optimization of fabricating conditions, the thermally stable CBCZ is expected to be used as a promising hole-transporting material with higher efficiency and durability.
INTRODUCTION
Organic light-emitting devices (OLEDs) have introduced a new generation in the advance of display industry. 1 They are considered as the most prospective candidate for a flat panel display since small molecular hole transporting materials (HTMs) such as triarylamine derivatives have successfully decreased the working voltage of the OLED below 10 V despite its much low hole drift mobility of approximately 10 −3 ∼10 −7 cm 2 V −1 s −1 than the well-known inorganic semiconductors. Despite significant improvement in device performances, durability which is particularly important for practical applications is still in challenge. For example, N ,N -diphenyl-N ,N -(3-methylphenyl)-[1,1 -biphenyl]-4-4 -diamine (TPD), a most well-known triarylamine derivative, is inadequate for the application of a reliable device owing to the low glass transition temperature (T g ) in general. 2 3 TPD degrades easily due to the recrystallization during operation because it has a very low T g of ∼63 C. To overcome the low T g problem in conventional small molecular triarylamine derivatives, new high T g small molecules including biphenyl diamine derivertives, 4 star-burst molecules, 5 dendrimers with a cabazole dendron, 6 and spiro-linked biphenyl diamines 7 were investigated. On the other hand, carbazole-containing compounds such as 4,4 -N ,N -dicarbazole-biphenyl (CBP), 4,4 ,4 -tris(N -carbazolyl)-triphenylamine (TCTA), * Author to whom correspondence should be addressed. and 4,4 ,4 -tris(N -3-methylphenyl-N -(9-ethylcarbazyl-3) amino)-triphenylamine (PCATA) are also of increasing interest for use as HTMs in OLEDs because carbazole has electron donating nature to grant hole-transporting property and provides such advantageous characteristics as rigidity, high stability, and easy chemical modification. [8] [9] [10] [11] In this regard, we introduce new carbazole-diimides synthesized from 3-amino-9-ethylcarbazole and three kinds of dianhydrides; 1,2,3,4-cyclobutane tetracarboxylic dianhydride (CBDA), 4,4 -(hexafluoroisopropylidene) diphthalic anhydride (6FDA), and 3,3 ,4,4 -biphenyl tetracarboxylicdianhydride (BPDA), where each carbazole-diimide was designated here as CBCZ, 6FCZ, and BPCZ, respectively. In addition to the high electron donating property of the carbazole groups, the five-ring structures of the imide moieties were expected to endow high thermal stability and mechanical toughness as well as high chemical resistance. In this work, we investigated the synthesis, characterization and device performance of the carbazole-diimide compounds in detail.
EXPERIMENTAL DETAILS

Synthesis of Carbazole-Diimides
The molecular structures of CBCZ, 6FCZ, BPCZ and its synthetic procedures are shown in Figure 1 . It was prepared by traditional thermal polyimide polymerization along with the following procedures. 12 3-amino-9-ethylcarbazole and 2.5 mmol of three different dianhydrides (CBDA, 6FDA, BPDA) were dissolved in N ,N -dimethylacetamide (DMAc, 6 ml) and stirred for 12 hours at room temperature, leading to carbazolecontaining intermediate amic acid (IAA). All procedures were carried out in a glove box purged with nitrogen. Thereafter, the IAA solutions were dried in a vacuum oven at 80 C for three hours to evaporate the solvent completely. The dried IAAs were imidized thermally by two heating steps where the dried IAAs were heated at 170 C for three hours and followed 300 C for 1 hour under a dry nitrogen atmosphere. These carbazole-diimide compounds were characterized by using FT-IR and 1 H-NMR spectroscopies, and elemental analysis. 13 
Fabrication of OLEDs
All the layers of OLEDs were deposited by conventional thermal evaporation method in a vacuum of ca. 10 −6 Torr (10 −4 Pa). The size of pixels in the OLEDs was 2×2 mm 2 . Prior to the organic deposition, the bare indium-tin-oxide (ITO) glass substrates were cleaned with detergent, deionized water, acetone, methanol and isopropyl alcohol, and followed by O 2 -plasma treatment to remove remaining 
RESULTS AND DISCUSSION
Chracterization of the Carbazole-Diimides
The thermal properties of the carbazole diimides were evaluated by T g (using differential scanning calorimetry (DSC) thermograms) and by the decomposition temperatures (Td 5 with 5% weight loss (thermogravimetric analysis, TGA). Figure 2(a) shows DSC thermograms of the carbazole diimides measured at a heating rate of 5 C min −1 in N 2 . The measured T g 's for the carbazole-diimides in the second run of the DSC measurement were in the range of 142∼182 C, which are extremely higher than that of TPD (T g = 63 C). 8 The high T g of the carbazolediimides can be explained by the fact that the bulky and rigid molecular structure of carbazoles linked with dianhydrides in the diimides decreases the chain mobility and increases the rotation barrier of the diimides. 13 The TGA thermograms ( Fig. 2(b) ) measured at a heating rate of 10 C min −1 in N 2 shows an inherent thermal property of polyimide with high decomposition temperatures of 424∼501 C for the carbazole-diimides. The decomposition temperatures of 6FCZ and BPCZ are higher than that of CBCZ due to their aromatic core structure.
The UV-visible absorption and PL spectra of the carbazole diimides are shown in Figure 3 . All HTMs studied here were transparent in the visible region. This transparency is expected to contribute efficient light collecting without unnecessary absorption of the visible light produced from OLEDs. In Figure 3(a) , the onset wavelengths of the carbazole-diimides were observed at almost same wavelength region of ∼358 nm in dichloromethane solution, while a double-peak characteristic of carbazole moiety was observed at 334 and 349 nm.
14 This result indicates that the absorption edge of the carbazole-diimides in solvent mainly depends on their carbazole moieties and those optical properties are influenced little by the dianhydride molecular structure. However, in solid states, the absorption spectra of these carbazole-diimide derivatives are more affected by the anhydride molecular structure, which is attributed to the enhanced intermolecular interaction. 15 16 In particular, the absorption edge of the aromatic diimide, BPCZ, was more red-shifted compared to that of the alicyclic diimide, CBCZ. This is due to the strengthened electron withdrawing nature of the aromatic imide moieties originated from aromatic dianhydrides. Their corresponding optical band gap can be calculated as 3.42 eV, 3.39 eV, and 3.36 eV for CBCZ, 6FCZ, and BPCZ, respectively. Figure 3(c) shows PL emission spectra of these compounds in dilute dichloromethane solution. The maximum PL intensity of CBCZ measured at ∼372 nm was blueshifted compared to those of 6FCZ and BPCZ, ∼390 nm, which also indicates that the molecular structure of dianhydrides affects on optical properties of the carbazolediimides. In addition to the double characteristic peaks from carbazole moieties, shoulder peaks were observed at ∼370 (CBCZ) and ∼413 nm (6FCZ and BPCZ), which is originated from the emission of dianhydride moieties of the carbazole-diimides. The long tails of emission spectra of 6FCZ and BPCZ that are extended to around 500 nm can be attributed to a ground state exciplex made by the specific interaction between the lone pair electrons of nitrogen atoms in carbazole moieties and the electron withdrawing carbonyl group in the imide ring. These exciplexes are expected to be more easily extracted as previously proposed for the similar activation effect between lone pair electrons in nitrogen atoms and carbonyl dipoles in imide groups. 16 The highest occupied molecular orbital (HOMO) levels of the carbazole-diimides were calculated through cyclic voltammetry (CV) experiments where two platinum wires and Ag/Ag + electrode were used as the working electrode, counter electrode, and reference electrode, respectively. Using ferrocene value of 4.8 eV as a standard, the calculated HOMO levels of the CBCZ, 6FCZ, and BPCZ was determined to 5.24, 5.34, and 5.48 eV, respectively. The lowest unoccupied molecular orbital (LUMO) levels of the CBCZ, 6FCZ, and BPCZ were calculated to be 1.82, 1.95, and 2.12 eV, respectively, by subtracting the HOMO/LUMO band gap from the HOMO level. The HOMO and LUMO levels of the carbazole-diimides were slightly increased with the increasing conjugation length of dianhydride. This result can be explained by the fact that electron-accepting imide group influences their oxidation potentials and increased conjugation length makes this effect more clearly. In the CV measurements, hole injection barrier compared with O 2 -etched ITO substrate (5.0 eV) is very small within 0.5 eV. 17 This result implies carbazole-diimide derivatives have a sufficient potential for hole-transporting. These materials can be used in OLEDs as hole-transporting layer in comparison with HOMO and LUMO energy levels of the conventional hole-transporting material (TPD, 5.15 eV/2.05 eV). The thermal, optical, and electrochemical properties of the carbazole-diimides are summarized in Table I .
Electrical Properties of the OLEDs with the Carbazole-Diimide HTLs
OLEDs with the configuration of ITO/HTL (30 nm)/Alq 3 (70 nm)/LiF (1 nm)/Al (120 nm) were fabricated on the ITO-patterned glass substrate to evaluate performances of carbazole-diimide derivatives as a hole-transporting Note that we used current efficiency, for convenience, instead of power efficiency (lm/W) as a function of operating voltage, due to our instrumental limit. Although the OLED with CBCZ HTL has slightly lower maximum current efficiency than that with TPD HTL, the current efficiency of the OLED with CBCZ HTL barely decrease. On contrary, the current efficiency of the OLED with TPD HTL is steeply going on degradation. Moreover, such a comparable luminance and current efficiency to TPD are attributed to a hole-transporting ability of CBCZ, which has a proper electron-donating property. In the case of the OLEDs with 6FCZDI and BPCZDI HTL, however, luminance and current efficiency were not up to the expectation even after optimization of the device structure. This is probably due to the strong electron-accepting property of aromatic dianhydride groups in the carbazole-diimides. 18 
CONCLUSIONS
We synthesized and characterized three carbazole-diimide hole-transporting materials with different dianhydride groups via the thermal imidization. The imide moieties of the carbazole-diimides improved thermal stability with glass transition temperatures of 142∼182 C and degradation temperatures of ∼450 C. The carbazole-diimides also present good optical transparency in the visible region, which is expected to contribute efficient light collecting without unnecessary absorption of the visible light produced from the OLEDs. The absorption edges of the carbazole-diimides were absorbed at ∼358 nm corresponding to the energy band gap of ∼3.4 eV and fluorescent emissions were also found at 370∼410 nm. HOMO of the carbazole-diimides obtained by cyclic voltammetry (5.2∼5.5 eV) and LUMO calculated using the absorption energy band gab (1.8∼2.1 eV), were very close to those of TPD, 5.7 eV and 2.6 eV. The OLED with CBCZ (aliphatic diimides) HTL shows maximum luminance ∼8,600 cd/m 2 at 12 V and the current efficiency of 2.1 cd/A. These performances are comparable to the OLED with TPD HTL. With optimization of fabricating conditions, thermally stable CBCZ is expected to be able to replace conventional hole-transporting materials with higher efficiency and durability. However, the OLEDs with aromatic diimide HTLs (6FDZ and BPDZ) reduce hole-transporting ability due to their electron-accepting property and the steric hindrance from their bulky aromatic imide structures.
